Objective-We assessed the clinical significance of intima (IT), media (MT), and intima-media (IMT) thickness of the common carotid artery using B-mode ultrasonographic image processing. Methods and Results-One hundred seventy consecutive patients underwent common carotid artery scanning using high-resolution ultrasonography. A total of 150 patients could be analyzed off-line using ultrasonographic image processing, devised for individual measurement of IT, MT, and IMT. By univariate analysis, IT (range, 0.27 to 0.41 mm) was associated with age, whereas MT (range, 0.27 to 0.74 mm) and IMT (range, 0.49 to 1.12 mm) were associated with age, fibrinogen, and creatinine. Among atherosclerosis risk factors, hypertension was associated with thickness of all 3 layers, whereas smoking was associated with IT only. By multivariate analysis, IT was associated with age, hypertension, and smoking, whereas MT and IMT were associated with age, hypertension, and blood urea nitrogen level.
the sum of the intima (IT) and media (MT) thickness, is independently associated with atherosclerotic risk factors and adverse cardiovascular events. [1] [2] [3] [4] Therefore, it has been used as an important atherosclerosis surrogate in clinical practice and in many clinical studies since Pignoli et al introduced the direct measurement of carotid IMT with ultrasound. 5 Abnormal neointima formation is the main pathophysiological consequence of obliterative vascular disease, although atherosclerotic changes may also include smooth muscle proliferation and inflammatory processes in the media and adventitia. 6, 7 Therefore, we hypothesized that the intima and media have different clinical responses and roles to cardiovascular risk factor exposure and the development and pathophysiology of atherosclerosis.
We aimed to evaluate the response of the intimal and medial layers of the common carotid artery (CCA) to atherosclerosis risk factors, in terms of thickness of the layers, as assessed by high-resolution ultrasonography with an automated image-processing algorithm.
Methods

Study Population
One hundred seventy consecutive patients referred for ischemic heart disease screening were studied. Patients were included in this study if they provided informed consent and did not meet any of the following exclusion criteria: history of neck irradiation, carotid arterial surgery, previous dissection of the aorta or carotid artery, or cervical trauma. Twenty of the 170 patients (11.8%) enrolled were excluded from analysis because of poor delineation of the borders between the intima and media layers. This study was approved by the ethics committee of Konyang University Hospital and conducted in accordance with the Declaration of Helsinki. Patient laboratory data collected within 2 weeks of enrollment included a lipid profile and measurement of blood glucose, homocysteine, and fibrinogen levels.
with an axial resolution of Ϸ0.2 mm. The gain control was adjusted according to the carotid artery image to obtain a clear delineation of the intima, media, and adventitia layers of the carotid artery far wall. After obtaining a clear carotid artery image, the image was digitally captured for off-line analysis.
Image Processing for Separate Measurement of Intima and Media Layers
Carotid IMT is defined as the distance between the luminal border of the intima and the outer border of the media using high-resolution ultrasonography. The far wall images of the CCA usually show 2 parallel echogenic lines separated by a hypoechoic space ( Figure 1 ). The IT is assessed by measuring the thickness from leading edge to far edge of the first and second echogenic lines, respectively, and the media layer is the distance between the 2 brightest echoes. 5, 8 The measurement of carotid IMT is becoming more precise by semiautomatic measurement rather than manual measurement. 9 To measure IT, MT, and IMT effectively, a new method of CCA image processing was devised in this study ( Figure 2 ). First, the CCA image was loaded, and the size per pixel was determined with electronic caliper, which was previously calibrated at 4-cm depth in axial direction of a multipurpose phantom (Model 539, ATS Laboratories). Next, a region of interest (ROI) for each CCA image was selected at least at 1 cm length of the CCA and at 1 cm proximal to the carotid bulb. The ROI was manually moved to more proximal or distal to avoid any plaque in this region, if present (nϭ7, 4.7%). The quality of the ROI image was evaluated, and the noise was removed with a filtering algorithm. 10 The 3 layers (intima, media, and adventitia) were identified after acquiring the edge images using the Canny edge-detection algorithm. 11 However, if the border between each layer was not clear enough to be identified with the Canny algorithm, we differentiated each layer by its autocorrelation based on statistical signal processing. 12 To measure the thickness of each layer, the number of pixels corresponding to the thickness of each layer was calculated. Finally, the IT, MT, and IMT were determined by multiplying the calibration factor (millimeters per pixel) by the number of pixels for each of the 3 layers ( Figure 1 ). The mean value of IT, MT, and IMT of CCA was obtained for this study in only images showing a quality index (portion of analyzable segment from at least 1-cm segment of ROI) of Ն0.6.
Validation of IT, MT, and IMT
The carotid artery imaging technique was already certified by Canevas Co after submission of the carotid artery imaging. 13 To estimate the reliability of this method of determining thickness of the layers, the relationship between the IMT value determined by this method and that determined by commercial software (M'ATH Version 2.01; Metris Inc, Argenteuil, France) was evaluated for all 150 CCA images.
The reproducibility and repeatability of the new method for IT, MT, and IMT measurement, including image processing, was validated as follows. One examiner measured IT, MT, and IMT of 15 randomly selected images from 150 CCA images 2 times, each on a different day. Then, another examiner, who was unaware of the clinical information, measured IT, MT, and IMT again. The reproducibility of IT, MT, and IMT measurements was evaluated by comparing the results from the 2 examiners (interobserver) using coefficient of variation (CV) and SD divided by mean, whereas the repeatability was estimated by comparing the 2 results from the first examiner (intraobserver) using CV. The reproducibility and repeat- ability of IMT measurement with commercial software (M'ATH, Metris Inc) were also estimated with the same method as above.
Statistical Analysis
All data were analyzed using SPSS (version 12.0; SPSS Inc, Chicago, Ill) statistical software. Values are expressed as meanϮSD. Clinical predictors of IT, MT, and IMT were assessed with Pearson correlation coefficient analysis. Correlation of thickness of each layer according to the presence of risk factors was assessed with the independent t test. Multivariate linear regression analysis was performed to determine the independent predictors of IT, MT, and IMT. Statistical significance was inferred at PϽ0.05.
Results
Patient Characteristics
Clinical characteristics of the 150 study patients are shown in Table 1 . The mean age of the study population was 57Ϯ14 years, and 76 (50.7%) were men. Most patients had an atherosclerotic disease, such as coronary artery disease (nϭ69, 46%) and ischemic stroke (nϭ2, 1.3%), or atherosclerotic risk factors (nϭ55, 36.7%), such as hypertension, diabetes mellitus, hypercholesterolemia, and smoking. Twenty-four patients (16%) had comorbid conditions such as bone fractures or malignancy.
Reliability, Reproducibility, and Repeatability of the New Method for IT, MT, and IMT Measurement
The axial calibration factor for CCA images was determined as 0.088Ϯ0.002 mm/pixel by using the electronic caliper. To evaluate the reliability of the new method for IMT measurement, the relationship between the new method and M'ATH in the IMT measurements for 150 CCA images were compared. The IMT ranged from 0.49 to 1.12 mm (mean 0.74Ϯ0.12 mm) with the new method and from 0.45 to 1.07 mm (mean 0.71Ϯ0.13 mm) with M'ATH software. The correlation between IMT values calculated by the 2 independent methods was excellent (rϭ0.980, PϽ0.001).
The CVs of interobserver measurements were calculated in percentages for each set of duplicate new method and M'ATH measurements to evaluate the reproducibility for measurement of each layer thickness. The mean CVs of the new method were 0.16% for IMT and 0.21% for both IT and MT. The mean CV of M'ATH was 0.21% for IMT. Eighty- Table 2 ). The repeatability was evaluated by calculating the mean CV of intraobserver measurements with 2 different measurements for each of 15 CCA images and resulted in Ͻ0.3% for IT, MT, and IMT using the new method and for IMT using M'ATH software.
Correlations With Carotid Wall Thickness
The IT ranged from 0.27 to 0.41 mm (mean 0.32Ϯ0.03 mm) and was associated with age (rϭ0.379, PϽ0.001), whereas the MT ranged from 0.27 to 0.74 mm (mean 0.42Ϯ0.09 mm) and was associated with age (rϭ0.452, PϽ0.001) and fibrinogen (rϭϪ0.286, Pϭ0.03) and creatinine (rϭϪ0.269, Pϭ0.001) levels. Carotid IMT ranged from 0.49 to 1.12 mm (mean 0.74Ϯ0.12 mm) and was associated with age (rϭ0.496, PϽ0.001) and creatinine value (rϭϪ0.251, Pϭ0.003). The mean carotid IT, MT, and IMT were not associated with body mass index, left ventricular ejection fraction, systolic and diastolic blood pressure, total cholesterol, triglyceride, high-and low-density lipoprotein choles-terol, fasting blood glucose, homocysteine, high-sensitivity C-reactive protein, fibrinogen, blood urea nitrogen, and uric acid levels.
Thickness of all 3 layers was significantly higher in patients with hypertension than in those without hypertension (PϽ0.005) ( Table 3 ). Among smokers, only the intima layer was significantly thicker compared with that in nonsmokers (PϽ0.05). The presence of other risk factors such as diabetes mellitus and hypercholesterolemia were not significantly correlated with thickness of each layer of the carotid wall (Table 3 ).
Multivariate Analysis of Predictors of Carotid Wall Thickness
Multivariate predictors of thickness of each layer of the carotid wall are shown in Table 4 . Age and hypertension were independently associated with increased thickness of all 3 layers. Smoking was independently associated with only IT. Blood urea nitrogen level was independently associated with MT. Blood urea nitrogen level was also an independent predictor of IMT of the CCA.
Discussion
The present study had several main findings. First, to our knowledge, this is the first study showing the differential significance of carotid arterial intima and media thickness using this novel method of calculating the thickness. Second, smoking is associated with the thickness of the intima, whereas age and hypertension are associated with the thickness of all 3 layers. Third, these results suggest that the atherosclerotic process may be different in the context of different cardiovascular risk factors.
Clinical Implications
Our results suggest that each layer of the CCA wall can be affected by specific cardiovascular risk factors in different ways. That is, the early stages of development of atherosclerosis may not be confined to just the intimal layer. In particular, we found that hypertension was associated with thickening of all the 3 layers. Therefore, future clinical studies having specific risk factors such as hypertension or smoking, as in our study, need to focus on specific layers of the vessel wall with this new technique.
Carotid wall morphological phenotypes measured by ultrasound, such as carotid IMT, total plaque area, and carotid stenosis, had different associations with specific atherosclerosis risk factors like our study in some way. For example, traditional atherosclerotic risk factors were more strongly associated with total carotid plaque area than carotid stenosis. Furthermore, carotid IMT was significantly associated with hypertension, whereas total plaque area was associated with smoking and plasma cholesterol. 14, 15 Our study and these previous studies suggest that the different phenotypes of atherosclerosis have different implications and determinants. Therefore, future studies should examine specific phenotypes within a specific context of different cardiovascular risk factors.
Reliability of Measuring an Individual Arterial Wall
The axial calibration factor for CCA images determined by our new method was 0.088 mm/pixel in 4-cm depth using a multipurpose phantom and Hewlett-Packard Sonos 5500 system. In the same condition of depth and ultrasound, this calibration factor was provided as 0.09 [mm/pixel] by M'ATH software. Moreover, the correlation between IMT values calculated by our new method and by M'ATH software was excellent (rϭ0.980, PϽ0.001). These 2 results support that our new method of IMT measurement is as reliable as M'ATH software. The CV, which is less than 1% for reproducibility and less than 0.3% for repeatability of IT or MT measurement, and the reasonable correlation of IT or MT with the atherosclerosis risk factors support the reliability of our measurement method. Even though the axial resolution was Ϸ0.2 mm with the system used and the 11-MHz transducer, we measured the IT and MT (range, 0.27 to 0.74 mm) by counting the number of pixels, which had a resolution as small as 0.088Ϯ0.002 mm. In addition, we could determine the edge between lumen and intima for IT and the edge between intima and media for MT, respectively, by using not only the Canny edge detection algorithm 11 but also the statistical signal processing method. 12 The IT and MT determined in our research may slightly differ from the real thickness, possibly because of the lack of histological exam-ination. However, the correlations of IT or MT with the atherosclerosis risk factors are valid, because we tried to obtain the best clear delineation between the first echogenic (intima) and echolucent line (media) of the each carotid arterial wall 5, 8 using total gain and time gain compensation control, which allowed us to delineate each layer with a quality index of Ն0.6 in 150 patients of a total of 170 patients. The excellent reproducibility and repeatability of IT, MT, and IMT support the validation of our new measurement. Moreover, the correlations inspect the relative variation of IT or MT depending on the atherosclerosis risk factors.
Previous Studies on Intima and Media Layers of the CCA Wall
Features of atherosclerosis include foam cell infiltrates, fibroplastic intimal thickening, and atheronecrosis. 16 Neointimal formation after long-standing hypertension, atherosclerosis, and mechanical vascular injury is "the pathologic hallmark of obliterative vascular disease," such as primary atherosclerosis, poststent restenosis, and allograft vasculopathy. 17 The neointima develops by a migration, proliferation, and accumulation of vascular smooth muscle cells in the intima. 18 The coronary artery undergoes fibroplastic intimal thickening beginning at age 15 years. MT is correlated with necrosis indirectly through associations with foam cells and fibroplasia. 16, 17 These findings are based on histological examination of autopsy specimens and on animal studies. 16 -18 Most studies have focused on formation of the neointima rather than the media layer. However, most studies related to the carotid artery have measured IMT noninvasively, which represents the sum of IT and MT, although there might be a significant difference in level of atherosclerosis between the intima and media. Nevertheless, the CCA IMT is well known to be associated with atherosclerosis risk factors, atherosclerotic disease, and adverse cardiovascular events. [1] [2] [3] At present, measurement of carotid IMT is recommended as a tool for primary prevention over various other noninvasive surrogates in the American Heart Association guidelines. 4
Atherosclerosis Risk Factors and Carotid IT and MT
Similar to the results of others, 1-3 age and hypertension were independent predictors of carotid IMT in our study. Age was a more highly significant independent predictor of IT than MT.
Of interest, only IT was independently associated with smoking. However, detailed smoking history, such as total pack-years and duration of smoking, was not obtained from the patients. This may explain why carotid IMT did not show an association with smoking. In other words, the association between smoking and increased carotid IMT may be a result of the association between smoking and the increased carotid IT. This result is somewhat similar to autopsy findings by Berenson et al. 19 They reported that smoking was associated with an increased percentage of intimal surface involved with fibrous plaques in the aorta and fatty streaks in the coronary vessels.
Presence of hyperlipidemia was not associated with a significant difference in the thickness of the 3 layers but tendency of increasing thickness of the each layer, although hypercholesterolemia was reported to be associated with an increased carotid IMT in human. 20 This result may be explained by the study population, in which the patients had heterogeneous disease entities such as atherosclerotic disease, atherosclerosis risk factors, or other comorbid conditions. These disorders are already associated with increased carotid arterial wall thickness. In addition, the study population was generally healthy (eg, low lipids and moderate incidence of atherosclerosis risk factors).
Diabetes mellitus was not associated with the increased thickness of the 3 layers in the present study, although it is also well known to be related to increased carotid IMT. This unusual finding might be caused by the same reason as stated above. That is, among our study patients, 56 of 71 patients with atherosclerotic disease did not have diabetes, although 20 of 55 patients with atherosclerosis risk factors had diabetes. In particular, these 2 groups may have had no significant difference in carotid arterial wall thickness.
Study Limitations
This study had 3 limitations. The first was insufficient axial resolution of Ϸ0.2 mm with the system used to measure the carotid IT and MT, which may probably range from 0.27 to 0.74 mm by implementing the image pixel calibration factor of 0.088 mm/pixel. Nevertheless, the excellent reproducibility and repeatability of carotid IT, MT, or IMT measurement support the reliability of our measurement method. Moreover, our measurement method is thought to be effective because the correlations of IT or MT with the atherosclerosis risk factors in our study inspect the relative relation between them. The second limitation was that the ideal study population would have been homogeneous. That is, a control group should have been compared with patients with a single risk factor or atherosclerotic disease to separately identify the effect of atherosclerosis risk factors or atherosclerotic disease on each vessel wall measurement, such as carotid IT, MT, and IMT. Despite this limitation, several findings in our study group were significant. The third limitation was that we could not evaluate why some risk factors affect specific vessel layers. This should be studied in the future with histological findings.
Conclusion
The importance of this study is that each atherosclerosis risk factor seems to affect the arterial wall in its own way. The effects were seen even in this heterogeneous study population, in which patients may have already had increased arterial wall thickness. Our novel noninvasive method for individual measurement of carotid artery IT, MT, and IMT will be useful in future clinical studies and helpful in many in vivo trials in humans.
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